INTRODUCTION
Recent advances in the treatment of metastatic prostate cancer (PC) led to the FDA-approval of many effective therapies (abiraterone acetate, enzalutamide, radium-223), which demonstrated a significant survival benefit for patients with castrate resistant PC [1, 2] . Nevertheless, patients' clinical response is only transient, owing to the development of drug resistance, which remains a major clinical challenge. Moreover, we are yet unable to predict response to a specific therapy in an individual patient and the optimal sequence of these therapies needs to be clarified. The results of two large phase III clinical trials (STAMPEDE trial and CHAARTED trial) support the use of taxane chemotherapy in combination with standard androgen deprivation therapy (ADT) in patients with hormone-sensitive metastatic PC [3, 4] .
In the same clinical setting, two other recent studies (STAMPEDE trial and LATITUDE trial) indicate a significant advantage in survival when abiraterone acetate is added to standard ADT [5, 6] . These new results expand the selection of treatment strategies in PC, thus prompting the need to identify predictive factors to select ideal candidates for anticipated therapies.
A greater understanding of the molecular abnormalities underlying PC progression and the associated mechanisms responsible for treatment resistance may reveal potential biomarkers related to treatment failure, adding a valuable tool to the clinician's arsenal. However, the clinical validation of these molecular features as predictive biomarkers is still an unmet need, as personalized medicine continues to be elusive, due in part to the lack of tumor tissue to profile these alterations.
The use of circulating tumor cells (CTCs) as a "liquid biopsy" to interrogate the molecular profile of single patients is extremely encouraging, as these cells originate from primary tumor and metastatic sites, providing a comprehensive fingerprint of a given tumor at any time during the course of the disease with a simple blood draw [7] . This is particularly important in PC, as the primary biopsy tissue available is usually collected at diagnosis many years before the development of metastases and may not mirror the biological state of the current disease.
Thus, the longitudinal isolation and characterization of CTCs could supply the necessary information to tailor treatment to the individual. The present review discusses current CTC-enrichment techniques with the specific downstream analyses that can be performed given each method with a particular focus on PC, and the clinical applications that can be guided by the molecular and functional analyses of CTCs. The most updated results for the use of CTCs to investigate the role of potential predictive biomarkers in PC will also be included.
FROM RARE CELL CAPTURE TO INSIGHT INTO PATIENTS' TUMORS
The isolation and analysis of patient-derived CTCs has received enormous attention from the biomedical community based on their applications towards personalized therapy [8, 9] . It is now established that CTCs offer a suitable source of tumor material as there are numerous reports showing that CTC molecular profiles concur with the profiles from metastatic sites and primary tumors from the same patient [10] [11] [12] .
CTC isolation and downstream molecular characterization are a powerful tool that has the possibility to grant physicians insight into each individual patient's tumor. Furthermore, repeat sample collection could provide the chance of monitoring tumor evolution and could offer the potential to guide therapy.
The rarity of CTCs in peripheral whole blood requires multi-step isolation techniques to maximize the capture of cells of malignant origin while minimizing contamination from circulating blood cells that could mask or limit the clinical utility of CTCs [13] . However, due to the often-intense sample processing during CTC isolation, not all enrichment techniques lend themselves to all downstream analyses. For example, sample fixation during blood collection or the presence of antibody-conjugated magnetic beads may prevent the implementation of certain assays, such as real time polymerase chain reaction (RT-PCR) or CTC culture, thereby limiting the type of information that can be extracted from the isolated CTCs. Therefore, the sample processing involved in CTC enrichment is of important consideration given the desired biomarker analyses that will follow [ Figure 1 ; Table 1 ]. Even with these limitations, the wide variety of isolation methods currently available allows researchers to perform a multitude of downstream assays and reveal important clinically relevant information from CTCs.
CTC enrichment based on physical properties
A basic approach to enrich CTCs from circulation uses the physical properties of cancer cells, such as size and density, to differentiate them from the circulating hematopoietic cells. Density-gradient centrifugation effectively separates CTCs from whole blood by taking advantage of their larger size and distinct shape in relation to other components of whole blood. By combining blood with a density-gradient solution (e.g. Ficoll-Paque ® , GE Healthcare Life Sciences) and subsequent centrifugation, the blood separates into distinct layers of plasma, mononuclear cells, and anucleated cells. CTCs are retained in the mononuclear cell layer with other peripheral blood mononuclear cells (PBMCs).
Since physical isolation strategies do not rely upon the expression of cell surface cancer-specific antigens, these techniques could effectively capture all CTC subtypes including those that may have potentially lost their epithelial features due to epithelialmesenchymal transition (EMT), a biological process by which epithelial cells undergo molecular changes and lose the cohesive interaction among cells down-regulating the expression of common plasma membrane epithelial markers, such as epithelial cell adhesion molecule (EpCAM) and E-cadherin [14, 15] . Importantly, these approaches yield live, unaltered cells, which can be then used in a wide variety of downstream analyses. However, the low purity of the CTC population obtained, due to the presence of many contaminating hematopoietic cells that outnumber the CTCs by several logs, compromises the sensitivity of this technique [16] .
To better differentiate CTCs from peripheral blood cells, immunofluorescence is commonly used in conjunction with density-based separation. CTCs are typically identified as nucleated cells (positive for DAPI staining) that express an epithelial marker [e.g. cytokeratin (CK), or prostate specific membrane antigen (PSMA) in the case of PC CTCs], and are negative for expression of the hematopoietic marker, CD45.
In practice, following a "no cell left behind" philosophy, the Epic Sciences™ high definition (HD)-CTC assay screens for CTCs amid all blood nucleated cells plated onto custom glass slides and identifies epithelial cancer cells using an immunofluorescence-based algorithm, which measures CK and CD45 intensities, as well as cell physical properties including nuclear and cytoplasmic size and shape [17] . This assay has been extensively used clinically and identifies CTCs in several cancer types, including NSCLC, breast and prostate cancers [17, 18] . Interestingly, the HD-CTC test recognizes distinct categories of CTCs based on morphologic characteristics of the cells (traditional CTCs, small CTCs, CTC clusters and apoptotic CTCs), whose clinical relevance has yet to be determined [19] . The versatility of the method is exemplified by the possibility to assess a wide range of protein biomarkers via immunofluorescence (e.g. androgen receptor in prostate cancer or PD-L1 in bladder cancer), specific driver genomic alterations (by FISH) and genome-wide copy number alterations [20] . Unfortunately, the lack of a robust multiplexing of the technique does not allow for concomitant investigation of more than one or two biomarkers within the same slide and, together with a low resolution used in image acquisition, limits the clinical power of the assay. [21] . ScreenCell ® has developed a range of devices based on microporous membrane filters, which are engineered to either capture CTCs for cytological studies, molecular and genetic analysis, or for CTC culture in vitro [22] . Another largely clinically used filter-based approach, ISET ® (Isolation by Size of Epithelial Tumor cells, Rare cells Diagnostics), uses membranes with 8 µm pores to retain CTCs allowing smaller blood cells to pass through and be discarded [23] .
Overall, all filtration-based CTC isolation techniques have the advantage of being "antigen agnostic"; as these methods do not discriminate based on expression of plasma membrane antigens, molecularly diverse CTC subpopulations can be retained, including those undergone EMT potentially missed by epithelial antigen-based approaches. In a direct comparison of performance in CTC enumeration in breast, lung and prostate cancers, the ISET assay isolated CTCs in higher numbers than CellSearch ® , suggesting that size-based methods could isolate more than the merely EpCAM positive CTCs [24] . The ability of ISET to retain CTCs with EMT molecular features is more directly supported by other evidence in the literature that show how ISET-isolated CTCs can express antigens of mesenchymal origins with concomitant lack of epithelial markers [25, 26] . In addition, all these size-based approaches provide the advantage of isolating CTC-clusters, which proved to be critical in metastasis initiation [27] .
Similarly to simple density gradient centrifugation, microfiltration devices produce live, unaltered CTCs with the added benefit of higher purity. These CTCs lend themselves to a wide variety of downstream assays, which can reveal clinically meaningful On the other hand, a potential downside of the size-based technologies is represented by the high heterogeneity in diameter CTCs can display, with subsets of CTCs with diameters as low as 11 µm, which is virtually indistinguishable from the diameter of leukocytes [28, 29] . These smaller CTCs may be of clinical importance but they are likely missed by the size based filtration techniques.
CTC enrichment based on cell-surface antigen expression or other biological properties
Many CTC isolation techniques exploit the expression of tumor-selective cell surface antigens by using an antibody-antigen interaction for CTC enrichment. The most established and the only FDA-cleared method for CTC isolation is the CellSearch ® CTC Test system. Starting with 7.5 mL of peripheral blood, CTCs are positively selected using anti-EpCAMcoated magnetic microbeads and subsequently embedded and fixed onto a magnetic cartridge for subsequent immunofluorescence staining with antibodies against CK, CD45, and DAPI [30] . CTC enumeration by CellSearch ® has been established as a test predictive of patient outcomes in metastatic breast [31] , colorectal [32] and prostate cancer patients [33] . Following the initial excitement for a prognostic test based on a liquid-biopsy, it soon became apparent that enumeration alone could not guide therapy, as there was no information regarding the molecular CTC profiles. Nevertheless, these early clinical studies using CellSearch ® have provided proofof-principle regarding the use of EpCAM for the detection of epithelial-type cells in the bloodstream. To date, the majority of antigen-specific CTC enrichment techniques rely on the use of EpCAM. The MagSweeper CTC enrichment represents another example of platforms, which also utilize EpCAMbased immunomagnetic cell isolation [34] .
These two methodologies have been extensively used in several studies for the purposes of CTC enumeration and identification of tumor-specific biomarkers using immunofluorescence or FISH analyses [ Table 1 ]. MagSweeper-based single CTC mRNA seq has also been performed and provided a detectable transcriptional signature of PC tissue [35] . Despite their extensive use, there are significant concerns associated with the EpCAM-based CTC enrichment techniques. Importantly, the dependence on EpCAM expression for CTC capture could specifically select for only a subset of CTCs resulting in the potential loss of EpCAM-low or -negative CTCs and thus underestimate CTC numbers; it has been indeed shown that the loss of epithelial markers such as EpCAM could define a more mesenchymal subpopulation of CTCs, whose increase has been associated with tumor relapse during treatment in solid tumors [36] . In addition, the presence of anti-EpCAM coated beads, which remain bound to the captured CTCs, can interfere with functional applications of the isolated cells. Finally, the added steps of fixation and immunofluorescence staining performed for cell enumeration purposes limits the molecular analysis that can be performed.
Another antigen-based CTC isolation method is the AdnaTest (QIAGEN © ), which uses anti-EpCAM and -HER2 antibodies conjugated to Dynabeads TM magnetic particles [37, 38] . CTCs with bound beads are magnetically separated and subsequently processed for gene expression profiling (Prostate Cancer Select) or for PC-specific gene quantification (Prostate Cancer Detect). A major advantage of the AdnaTest is the combination of two isolation markers, EpCAM and HER2, to capture CTCs; the addition of HER2, which can be found expressed in up to 78% of metastatic castrate prostate cancers, could potentially include the EpCAM-/HER2+ CTCs in the enrichment process, a subpopulation of cells, which an EpCAM only based approach may easily miss [39, 40] . Interestingly, pretreatment CTC identification by using the AdnaTest correlated with radiologic progression to chemotherapy in a small cohort of Castration-Resistant PC (CRPC) patients, supporting the clinical relevance of the test [38] . The main property of the AdnaTest is having nucleic acids as a direct output of the assay for specific downstream analyses (e.g. RT-PCR, DNA sequencing, gene expression profile) [41] . Even if this characteristic precludes the direct visualization of the captured cells, it provides flexibility to incorporate and explore additional markers, like androgen receptor (AR) splice variants or stem cell markers [38, 42] . Although potentially more comprehensive in CTC isolation than EpCAM only strategies, this method is still based on the expression of tumor-selective antigens, an approach that may still omit certain CTC subpopulations.
To take advantage of both the physical and biological properties of CTCs, several microfluidic devices have been developed to capture CTCs from whole blood. The design of many of these devices takes advantage of the blood flow through the device that is engineered to facilitate the collisions of the larger CTCs with microposts, eliminating the smaller leukocytes; the posts are coated with an anti-epithelial marker antibody to specifically retain tumor epithelial cells. The CTC-Chip utilizes an array of microposts coated with an antibody against an epithelial marker (EpCAM, HER2, EGFR) to capture cells of epithelial origin and proved efficient in isolating CTCs from different tumor types [43] . Improvements to the fluid dynamics within the CTCchip led to the development of the herringbonechip, which generates microvortices to multiply the number of interactions between CTCs and the antibody-coated chip surface [44] . The geometrically enhanced differential immunocapture chip employs a 3D geometry with microposts functionalized with a monoclonal antibody to the cell-surface antigen PSMA to enhance the capture of CTCs from PC patients [45] . All these microfluidic devices have been shown to capture live cells that can be used for many subsequent molecular assays (IF, FISH, DNA or RNA sequencing), including CTC in vitro culturing and ex-vivo drug treatment [46] .
The novel microscale platform VERSA (Versatile Exclusion-Based Rare Sample Analysis) optimizes the potentially harmful washing, cell transfer, and centrifugation steps of many microfluidic devices by coupling EpCAM-coated paramagnetic particles (PMPs) with immiscible barriers that aid in the removal of contaminating PBMCs and unbound PMPs through surface tension over gravity at the microscale on the single device [47] . This innovative approach demonstrates very versatile and is able to perform different assays, as it can either isolate live cells for subsequent nucleic acid extraction and analysis, or perform cell fixation and immunofluorescence directly within the wells of the device, which is engineered for CTC microscopy.
In order to avoid the pitfalls of selecting for CTCs based on positive expression of epithelial markers, negative depletion techniques have emerged that target and remove the contaminating leukocytes, thus allowing the enrichment of a pool of heterogeneous subpopulations of CTCs.
RosetteSep™ Circulating Epithelial Tumor Cells enrichment kit (STEMCELL™ Technologies) employs anti-CD45/anti-glycophorin A antibody complexes that create crosslinks between red blood cells and white blood cells (immunorosettes), that are then eliminated by gradient-based separation, leaving behind a CTCenriched cell population [48] . A major benefit of this approach is the possibility to enrich live CTCs, without sample fixation, allowing live cell studies such as development of CTC-derived xenografts (PDX) and gene expression profiling [49] .
The CTC iChip captures CTCs using the two-stage process of deterministic lateral displacement, inertial focusing and magnetophoresis to achieve leukocyte depletion and CTC enrichment, in an antibody independent manner. The device can then release the enriched live CTCs, which can be used for standard cytopathologic evaluations, RNA or DNA-based analysis and to generate CTC-derived cell culture [36, 50] .
All of the approaches described above isolate CTCs from a tube of peripheral blood collected from the patient. The GILUPI CellCollector ® is a medical guide wire functionalized with anti-EpCAM antibodies that is designed to capture CTCs directly from the circulating blood of patients after it is inserted in the cubital vein of patients for 30 min. This device can interact with an estimated 1.5-3 liters of blood [51] , and has the advantage of being able to isolate live CTCs from volumes of blood larger than what usually reported in the literature and obtained from patients with either localized or advanced PC [52, 53] .
CTC isolation techniques are constantly seeing new and improved methods to separate these rare tumor cell populations from other nucleated blood cells. Particular emphasis has been given to methods that move away from antigen-dependent capture and can isolate live CTCs, regardless of the expression of specific surface markers, like EpCAM, as cells with low or complete loss of expression of EpCAM likely hold clinically meaningful information [36] . In addition to enabling a diverse array of downstream biomarker analyses, live CTCs can also be expanded through culturing methods or organoid development, opening new exciting scenarios in tumor biology [54, 55] . Organoids originating from CRPC CTCs have been successfully generated and reproduce some of the major molecular features commonly found in the primary tumor, such as expression of SPYNK1, STEAP1 and TMPRSS2, confirming CTCs are a precious readily available source of tumor material that can be used to generate in vitro PC models to explore and understand disease pathogenesis and progression [55] .
CTC AS SOURCE OF TUMOR TISSUE FOR BIOMARKER INVESTIGATION
The biomarker-based approach has considerably transformed the treatment strategies of cancer, improving response rates and overall survival; however, the availability of tumor tissue is required to study and understand the biology of these biomarkers and to follow the evolution of these molecular alterations over time.
Using CTCs as source of tumor material to characterize the molecular profile of the disease represents the most significant and exciting impact for the clinical practice, especially in the current era of personalized medicine. Importantly, CTCs provide the ideal tool to analyze and longitudinally monitor the expression and/or the dysregulation of several tumor related biomarkers, associated with response or resistance to investigational antitumor agents and to the already FDA-approved drugs currently used in clinical practice.
In the next paragraphs, we will describe the most recent results regarding the CTC-based analysis and validation of the most clinically relevant biomarkers in PC [ Table 2 ].
CTCs as tool to unveil tumor biology in the single patient
By filling the gap of chronic lack of tumor tissue, CTCs provide the opportunity to perform broadspectrum genomic analyses to unveil the molecular characteristics of the disease in the individual patient, a key point for a precision medicine-based approach.
To investigate the use of CTCs to overcome the inaccessibility of metastatic tissue for high throughput genomic testing, Lohr et al. [12] investigated the role of CTCs in comprehensive analyses of cancer genomes by developing a census-based whole exome sequencing method to analyze single EpCAM-positive CTCs isolated from CRPC patients. The CTC-data were then compared to the genetic profiles of the primary tumor and one metastatic site. The authors found that CTCs harbored up to 73% of the somatic single nucleotide variants identified in the primary tumor and in the metastatic site. Gupta et al. [56] also conducted a whole genomic copy number analysis of CTCs and matched leukocytes from 16 men with CRPC using array-based comparative genomic hybridization (aCGH) and observed CTC-specific genomic gains (i.e. AR, FOXA1, ERG) and genomic losses (i.e. PTEN, RAF1, GATA1) in key regulators of PC progression.
Interestingly, Miyamoto et al. [57] performed RNA sequencing profiles of single CTCs isolated from 13 metastatic PC patients; they recognized CTCspecific up-regulation of molecular pathways linked to cell growth and adhesion, found AR point mutations associated with AR inhibitors resistance and identified high intrapatient CTC heterogeneity for AR alterations, showing that more than half of the patients had multiple AR splice variants within different CTCs.
These studies provide proof of the feasibility of CTCbased high throughput sequencing in individual cancer patients using a high-throughput analysis, thus, offering a minimally invasive look into the mutational landscape of metastatic PC.
Evaluation of androgen receptor expression and signaling in CTCs
AR is a transcription factor, which plays a key role in prostate homeostasis and drives growth and progression of PC cells. AR-targeting drugs (ADT, abiraterone acetate, enzalutamide) are current standard of care for PC treatment and exert their anti-tumor activity mostly by inhibiting AR activation and its consequent nuclear translocation, ultimately impeding AR mediated tumor growth [1, 2] . Although most patients initially respond to these therapies, treatment-related resistance often occurs through a variety of mechanisms [58] . AR dysregulation (i.e. amplification, mutations, alternative splicing) represents the key molecular alteration in PC, leading to aberrant activation of the receptor and its downstream pathways with consequent tumor progression. Clinical assessment of these molecular alterations has been challenging and currently there is no way to clinically predict which patients are more likely to respond to AR-targeting therapies.
AR expression and nuclear localization, considered readouts of AR activation, have been subject of translational studies as biomarkers of response to AR-targeting drugs in PC. Many research groups have used CTCs as a liquid biopsy to longitudinally assess these markers and correlate them with treatment outcome.
Reyes et al. [59] evaluated AR expression levels and subcellular localization in CTCs isolated from a cohort of 20 CRPC patients to develop a platform for CTC protein interrogation. In this study, cells were isolated by gradient medium-based separation and were fluorescently stained for EpCAM, CD45 and AR. AR expression and nuclear accumulation were then analyzed in confirmed CTCs by ImageStream ® X. Results revealed a significant increase in AR expression levels in CTCs of patients who progressed on abiraterone compared to patients who were abiraterone-naïve. The authors also looked at AR nuclear localization in the isolated CTCs and observed high inter-and intra-patient heterogeneity without a clear correlation with treatment response. Similarly, Crespo et al. [60] quantified AR nuclear expression in CTCs isolated from 48 subjects grouped by absence of prior exposure or resistance to abiraterone or enzalutamide. After CellSearch ® -based enrichment, CTCs were analyzed for the detection of AR by arranging a user-defined assay based on the CellTracks Autoprep system. No difference was observed in nuclear AR expression between treatment naïve and resistant patients; however, when analyzing eight patient-matched CTC samples collected before and after treatment, the authors found an increase in nuclear AR expression at progression compared with the pre-treatment assessment.
Sperger et al. [47] evaluated AR expression and subcellular localization in CTCs isolated from 17 patients with CRPC using an EpCAM-based enrichment embedded in the VERSA device. They found that patients responding to AR targeted therapies or docetaxel-based chemotherapy showed lower percentages of AR in the nucleus compared to patients who progressed on treatment. When combining single cell data points from multiple patients, they also showed that CTCs from patients responding to treatment generally had lower AR expression and lower percentage of AR in the nucleus.
Miyamoto et al. [61] explored AR signaling activity in CTCs isolated from PC patients, by using an EpCAM-based herringbone microfluidic device, and observed that AR-dependent pathway was active in untreated patients, became inactive after ADT, and could be reactivated at the time of progression, supporting CTCs as a dynamic biomarker that could reflect the drug-induced changes of the therapeutic target in real time. ADT-naïve pts with metastatic PC had a majority of CTCs with "AR-on" phenotype and initiation of ADT led to conversion to a "AR-off" within 3 months; 4/17 (24%) pts treated with abi showed a decrease in "AR-on" CTCs; CRPC pts had mixed phenotypes Taxanes (docetaxel, cabazitaxel) are the only class of chemotherapy drugs that improve survival in CRPC patients. Even though traditionally considered as anti-mitotic drugs, taxanes exert their PC-specific mechanism of action by stabilizing microtubules and consequently impairing the microtubule-dependent AR nuclear translocation and the consequent signaling activation [62] . The combined inhibition of the microtubule-AR axis mechanistically supports the unprecedented clinical benefit of survival observed in the CHARTEED and the STAMPEDE trials, in which taxane treatment and ADT are combined to treat hormone-sensitive metastatic PC [3] . Hence, AR cytoplasmic sequestration has been proposed as marker of response to taxane activity. Darshan et al. [62] retrospectively correlated AR subcellular localization in CTCs with clinical response in CRPC patients receiving taxanes and showed that 72% of subjects who progressed after treatment had AR nuclear localization and, on the contrary, 70% of responding patients had cytoplasmic AR localization. These data have been prospectively validated with the analysis of the TAXYNERGY trial, a phase II randomized trial in which AR subcellular localization was prospectively assessed in CTCs of taxane-treated CRPC patients. In this trial, subjects were randomized 2:1 to first line docetaxel or cabazitaxel and CTCs were used as a source of tumor tissue to monitor longitudinally potential predictive biomarkers including AR nuclear localization, AR variants, presence of intra-tumoral drug-target engagement. Of the 63 patients enrolled in the study, 26 had CTC evaluable before the first cycle of treatment (C1D1) and after one week (C1D8); in these subjects, taxane-induced decrease in AR nuclear localization (C1D8 vs. C1D1) was associated with a higher rate of biochemical response (≥ 50% PSA decrease at cycle 4, P = 0.009), suggesting that AR nuclear localization assessment can serve as early biomarker of clinical benefit in patients treated with taxanes [63] .
These results strongly support the use of CTCs as source of tissue to interrogate AR subcellular localization in tumor cells as marker to predict response to taxane chemotherapy.
Detection of AR alternative splicing variants in CTCs
Alternative splicing of AR has emerged as one of the main mechanisms of disease progression in PC. The clinically relevant ARv7 and ARv567 are truncated versions of the receptor, which partially or entirely lack the C-terminal ligand-binding domain and are constitutively active, independent of the ligand [64, 65] . Recently, AR splice variants have been repeatedly associated with resistance to standard ADT and second-generation AR signaling inhibitors, abiraterone and enzalutamide [66] .
Several studies have been reported, in which CTCs are used as liquid biopsy to detect AR variants in PC patients and monitor their expression longitudinally during treatment. In a single institution prospective study, Antonarakis et al. [42] used a modified version of the EpCAM-based AdnaTest Prostate Cancer Detect assay to evaluate ARv7 mRNA levels by RT-PCR in CTCs isolated from CRPC patients receiving enzalutamide (n = 31) or abiraterone (n = 31). They detected ARv7 transcript in 39% of the enzalutamide cohort and in 19% of the abiraterone cohort, and showed that ARv7-positive enzalutamide-treated patients had significantly lower biochemical response (0% vs. 53%) and shorter progression-free (PFS) and overall survivals (OS) than ARv7 negative subjects (2.1 months vs. 6 months and 5.5 months vs. unreached, respectively). The authors observed similar results among the ARv7-positive subjects receiving abiraterone, who experienced lack of PSA response (0% vs. 68%) and significantly shorted PFS and OS (2.3 months vs. not reached and 10.6 months vs. not reached, respectively) compared to ARv7-negative men.
Following previously reported in vitro data that associated ARv7 positivity with lack of response to taxane treatment [67] , Antonarakis et al. [68] used the above-mentioned CTC-based RT-PCR assay to investigate a clinical correlation between pretreatment ARv7 status and response to taxanes in CRPC patients. Although no significant difference was detected between ARv7-positive and ARv7-negative patients in terms of PSA response to treatment, PFS and OS, a clear trend towards inferior response rate to taxane was observed in ARv7-positive men. The sample size of this study was too small and the median follow-up was relatively short to obtain any meaningful clinical conclusion and validation in a larger cohort study is expected.
Sperger et al. [47] also investigated the expression of ARv7 in CTCs. Using the VERSA platform on 26 patients with mCRPC (19 of whom had previously received or were being treated with AR signaling inhibitors), they found that detectable expression of ARv7 was significantly higher in patients with radiographic progression compared to patients with only PSA progression or PSA response to AR signaling inhibitors (71% vs. 5%, P = 0.007).
To address the role of ARv7 as marker of response to AR targeting drugs and taxanes in CRPC, Scher et al. [69] adopted a protein-based CTC assay in which the isolated cells were fluorescently stained for the presence of the variant by using the Epic Sciences™ HD-CTC platform. The authors observed that the frequency of ARv7-positive CTC detection increased with subsequent therapies ranging from 3% prior to first-line treatment to 31% prior to third or subsequent lines. This protein-based approach confirmed that patients with ARv7-positive CTCs were more resistant to AR signaling inhibitors, with no significant difference for biochemical response and PFS after taxane treatment, thus supporting the results of the other CTC-based correlative studies. Even though probably less sensitive and specific than RT-PCR-based methods, this protein-based methodology provides information of the AR variants' status at a single CTC resolution and could potentially offer the possibility to perform CTC subpopulation analysis based on other informative molecular and phenotype characteristics, such as EMT markers.
Taken together, these studies strongly encourage the use of CTC-based approaches to profile AR splice variants and support the development of more sensitive methodologies to detect and quantify these tumor-related biomarkers.
Recently, other assays have been proposed to identify and quantify AR splicing variants from CTCs. Liu et al. [70] developed a CTC-based RT-PCR platform to assess both clinically relevant alternative transcripts, ARv7 and ARv567 and tested it in 73 whole blood samples from 46 CRPC patients. The authors found ARv7 and ARv567 in 68% and 32% of the samples, respectively, and detected a strong association of higher AR variants' expression levels with patients who had received hormonal therapies compared to hormone-naïve men. Qu et al. [71] developed a highly sensitive and specific digital droplet PCR assay and quantified ARv7 expression levels in PBMCs of 132 PC patients; ARv7 transcripts could be detected in more than 95% of the subjects and a significant correlation was found between high ARv7 levels and worse outcome after treatment with AR signaling inhibitors.
Detection of TMPRSS2-ERG fusion and ERG expression in CTCs
ERG is a transcription factor, which is over-expressed in approximately half of primary PCs, following the gene rearrangement that fuses the AR-regulated TMPRSS2 promoter with the coding region of ERG gene [72] . ERG rearrangements and over-expression define the largest of the molecular classes of PC based on molecular oncogenic drivers and have been repeatedly associated with accelerated disease progression and worse prognosis [73, 74] . More recently, many reports have correlated response to treatment to ERG expression, which became a compelling biomarker to investigate clinically.
The use of CTCs for ERG assessment has been extensively explored in both gene-targeted approaches (e.g. FISH, RT-PCR) and broad-spectrum techniques (aCGH) [56, 75] . To date, several studies have focused on the role of CTC-ERG as predictive marker to treatment response in PC, with conflicting data correlating ERG expression and outcome after AR signaling inhibitors. Attard et al. [76] investigated ERG fusion by FISH in CellSearch ® -isolated CTCs from therapy-naïve PC patients and found a significant correlation between ERG rearrangement and PSA decline after abiraterone therapy. Subsequently, ERG rearrangement status, in particular the duplication of the fusion of TMPRSS2 to ERG sequences (2+ Edel), was associated with a better clinical response to abiraterone treatment, supporting ERG assessment in CTCs as predictive biomarker [77] . In contrast, Danila et al. [78] could not find any correlation between TMPRSS2-ERG status and clinical outcome after abiraterone therapy, by using a RT-PCR-based approach to detect ERG fusions in CTCs from docetaxel-resistant CRPC patients. The discrepancies in the observed results concerning ERG in CTCs and treatment outcome could be attributed to significant differences in the methodologies adopted to evaluate the biomarker and in the cohorts of patients analyzed. Further prospective evaluation of the role of ERG expression in predicting response to AR-targeted therapies is currently ongoing [79] . ERG fusion status also showed to correlate with lack of response to taxane treatment [80] . Reig et al. [81] measured TMPRSS2-ERG mRNA expression by RT-PCR in PBMCs isolated from 50 docetaxel-treated CRPC patients by gradient medium separation and showed that TMPRSS2-ERG significantly correlated with lower biochemical response, radiological PFS and overall survival. Even though performed without any form of enrichment for epithelial CTCs, these findings support the clinical role of ERG assessment to tailor treatment strategies.
Investigation of other molecular makers in CTCs
Intratumoral androgen synthesis has been identified as one of the mechanisms PC cells adopt to activate AR signaling in presence of castrate levels of circulating androgens. Several steroidogenic enzymes are involved in this process and the expression profiling of these molecules could be found altered in CRPC, with overexpression of enzymes involved in androgen synthesis (SRD5A1, ARK1C3) and down regulation of enzymes implicated in androgen inactivation (SRD5A2, CYP3A4, CYP3A5). Mitsiades et al. [82] evaluated the levels of expression of AKR1C3, SRD5A1 and CYP17A1 by RT-PCR in CTCs isolated from CRPC patients following EpCAM-based PBMCs sorting. Even though no clinical correlations were made between the expression levels of these enzyme and tumor response to ADT, the authors demonstrated the feasibility of profiling key molecules in androgen metabolism allowing the assessment and monitoring of potentially druggable targets.
EMT is a biological process that allows molecular changes and enhancement of the migratory and invasive capabilities of the epithelial cancer cells. [15] Many molecules and pathways have been implicated in the regulation of the EMT-dependent cellular plasticity and of its role in tumorigenesis [83] . Recently, Ware et al. [84] identified a novel role of the epithelial plasticity marker Snail in the induction of enzalutamide resistance in PC. Even though a direct clinical evaluation of Snail in CTCs of PC patients has not been reported yet, Li et al. [85] proved the feasibility of Snail expression levels assessment by immunofluorescence in CTCs isolated from hepatocellular carcinoma patients.
CONCLUSION
CTCs first showed their clinical relevance more than a decade ago, when it was reported that elevated CTC counts were associated with tumor prognosis and that changes in enumeration correlated with treatment response in solid tumors. Nevertheless, CTC count is far from being used in the everyday practice for lack of clinical utility.
CTCs rapidly demonstrated their full potential to function as a true liquid biopsy and provide relevant biological information to describe the molecular portrait of disease.
It's true that not all enrichment techniques are equal and it is necessary to distinguish between platforms that are purely scientific tools and methods that have to be regarded as clinically validated and commercially available assays. Most of these platforms are already commercially accessible to the public as research tools to enrich CTCs for downstream molecular analysis (i.e. RosetteSep™ epithelial tumor cells enrichment kit, ISET ® filters). Conversely, only CellSearch ® received FDA clearance for CTC enumeration in solid tumors and few other methods are performed in CLIA-certified laboratories to interrogate specific key molecular tumor markers (i.e. AdnaTest Prostate Detect and Epic Sciences™ for AR-V7) but the vast number of technologies currently available for the enrichment of CTCs enables researchers to examine nearly any biological property of this cell population and potential implement that information into clinical practice.
The evaluation of tumor-specific alterations in CTCs could potentially reveal clinically relevant information to guide treatment selection based on the molecular features of the disease in individual patients. CTCs could be used to inform medical oncologists about the major biological alterations of PC that have been shown to significantly affect treatment outcome. EpCAM-based approaches have been mostly adopted to perform these molecular analyses, however other emerging technologies could also play a significant role in dissecting the biologic properties of PC CTCs, especially in diseases with more aggressive features.
Clinical studies are currently ongoing to prospectively clarify the role of CTC-based assessment of these molecular markers to predict patient response and contribute to the era of precision medicine. However, the clinical utility of a liquid biopsy-based evaluation of a predictive marker still needs to be addressed with clinical trials in which any therapeutic strategy is planned according to the liquid biopsy analysis.
The role of CTC enumeration has also been tested in localized PC to identify those patients more likely to relapse after radical treatment, and even in this setting a clear correlation between CTC detection and prognosis has been identified. However, whether or not adding CTC status in the panel of the standard prognostic marker still remains an unanswered question.
In conclusion, CTC analyses could provide crucial information on tumor biology, with the potential to enhance the quality and the efficacy of treatments with the ultimate goal of improving patient survival. 
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